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Abstract 

The Fermilab Linzc Upgrade is planned to increase 
the energy of tbe S- linac from 200 to 4DC Mel’. This 
is i&ended to reduce the incoherent spree-charge 
tuneshift at. injection int" the g CcV B""ster which 
cull limit either the brightness or the total 
inteasity of the beam. The Linac Upgrade will he 
achieved by replacing the last four 201.25 YBz drift- 
tube treks which accelerate the beam from 116 to 200 
YeV, with seven 805 &is side-coupled cavity modules 
operating at an average axial field of about 7.5 
W/m. This sill allow acceleration to 400 YeV in the 
existing Linac enclosure. Euh .ccelcrator module 
will be drircn with a klystron-based rf power supply. 
A prototype rf modulator has been built and tested at 
Fermilab, and a prototype 12 W klystron is being 
fabricated by Litton Electron Devices. Fabrication 
of production accelerator modules is in progress. 

Introduction 

The Fermilab ZOC-YeV linear accelerator has 
operated almost continuously since 1970 as *n 
injector for the Fermilab chain of accelerators Md 

secondary neutron producer for the Neutron 
%rzpy Facility with a reli,bility rppr"achi"g 99%. 
The purpose of the Fermilsb Linac Upgrade is to 
increase the final kinetic s"ergy of the beam from 
200 Xc'4 to about 400 UeV. This is expected to reduce 
beam cnittance degradation in the 8 GeV synchrotron 
booster following the linac and allow beams of higher 
brightness ("umber of particlcr per unit esittance) 
to be accelerated.1 The intended consequence "f this 
will be to iscrease the collision r&e in the 
antiprotoa-proton collider by l factor of three snd 
the i"tansity for the fixed-target experiments by 75% 
if the increase in brightness cm be conserved 
through later scceleratio" stages. The 400.YeV limit 
is dictated by S- ion stripping c""siderrtions in the 
magnetic fields of the Li"ac-to-Booster transfer 
line. 

The present 200 YeV drift-tube linac (DTL) 
consist6 of nine rccelerator uvities operz&ing st a 
frequency of 201.25 YBs. Each uvity is powered by a 
triodc-based rdio-frequency (rf) porcr supply rated 
to deliver up tc 5 kW of peak power for a 125 )sec 
flat-top pulse. The Linac Upgrade will replscc the 
last four cavities, which sccslcrste the barn from 
116 MeV to 20l MeV in = length of 68 meters. with 
seven side-coupled cavity mcdules operating at l 

frequency of 805 Kiiz or four times tbe DTL frequency 
(see Figure 1). The higher frcqucacy allows higher 
accelerating gradients to bs achieved so that a 
kinetic coergy of 400 Mel’ can be resched in the same 
1ia.c enclosure. Exh module will be driven with a 
klystron-based rf parer supply rated to deliver up to 
12 MN of pebk parer for 125 pscc at15Bzrepetition 
rste. The nominal peak peer requirement of each 
module with 35 RA of hero is about 10 YI. The new 
lines is designed to accelerate up t.a SC mA of beam 
to *1101 for future improvements. 

___________________-- 
dOpersted by ths Universities Rercarch Association 
vsdar contrrct mith the United States Depsrtment of 
Energy. 

Acc.lsrd.or StNcture 

The side-coupled sccelersting structure (SCS) s‘s 
selected for the Linac Upgrade because it is well 
understood .,,d fully proven. The side-coupled 
structure w.s used above 100 HeV for the 805 Mila Los 
Alamos Meson Physics Facility (LAWF) proton linnc 
designed in the early 1960's (see Figure 2). This 
coupled-cavity structure is operated in a so-called 
TM010 r/2 stadi"g wwc mode in which the phLse shift 
between L" accelerating cell and a" djacent coupling 
cell (off the beam axis) is 90 degrees. The 
sccclentor cell length is p/2 for particle-rare 
synchronism. Eere p is the particle velocity divided 
by the speed of light, and k is the free apace 
rarelength of the accelerating field. The 
insensitivity of field amplitudes and phases to 
mechanical perturbations in such r/2 structures is s 
fundamental reason for their ridsspread use. 

From the work done at Los Alamos National 
Laboratory on the SCS and the Fermilab program of 
design,2 tuning,3 prototyping4. and full-parer 
testing,5 re have wnfidcnce that our design goals 
can be met. Because the ner side-coupled (SC) linac 
will rcplrxc that ps..rt of the existing drift-tube 
linac which accelerates the beam from 116 YeV to 200 
YeV, it must have 8 gradient about three times higher 
than in the DTL and make coaservstivc use of space 
fw beam matchiag, focusing and diagnostics. In 
particular, a Trlnaition Section for matching the 
beaa between the DTL sod side-coupled liasc and a 
space of about two .etsrs at the domstream end of 
the linac for changes in the Linac-to-Booster 
transfer line are required. Other major design goals 
were to minimisc power consumption s"d to keep all 
parameters within I range favoring dependable routine 
opcrstion. Table I summarizes the principle dtsign 
eriteris md derived prrueters for the new linsc. 

The werage uial field, E. of 7.5 W/u is shout 
three times the grdisnt in the existing DTL. Long 
voltage conditioning times a"d u1 inordinately high 
sparking rste causing erratic beam pulses and 
unrsli.ble injactcr operation kra considered 
unacceptabls for ths "er linsc. For ths Linac 
Upgrads it was considered desirabla tc limit the 
spuk rate to one spark per thousand rf pulses 
corresponding to at most 0.1% beam loss due to cavity 
spuking. To inrestigats this constraint, full poser 
testing has bss" performed on six-ccl1 prototype 
cavities a"d s complete 16-cell wcelerator section.6 
The later represents one of the 28 sections needed 
for the new linsc. These powr tests have shorn that 
with the appropriate cavity nose-cone shape (see 
Figure 3) to reduce peak surface fields (37 W/m), a 
spark r.te of one sp.rk par thousand rf pulses es" be 
achieved for a complete linrc after shout 20 million 
rf pulses (125 yrcc:, 15 Se) of conditioning. The 
apark rate continuer to decrease with conditioning. 
Over the rrngc of surface fields 30 to 45 W/m, the 
rpvk rate varies ss E.lQ.6 *0.6. 
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Table 1. ICC YeV Linac Design Criteria 
.nd General hremeterr 

Idid kinetic l nerp (Td) 
Fuel kinetic cncr5.v (Tj) 
kegih, h&ding ti&tioe section 
bq.cnq of rf (C) 
Bum c.al.xd *.eraged or= pulse (I,) 
Bum p&e lenga 
pcP.tition rate 
Admtins ph- (4 
A.aege tiel field (h) 
Yldmm eurf.ce held (G..) 
Kilp.trick limit (EK) 
W~lmbu of mod&s 
RF po”er~madule, typiu! 

mene md control 
Numbu of scctionr/m.dule 
Number of d celb,hec:ion 
Total number of II cdlr (7 x 4 x 16) 
Lee&h or bridge covplerr becwccn rcclionl 
TRn..erv focusin& rchcme 
‘T,.Bsw,K phase .dvxr.se/FODO cdl, =*rr+ 
Q~drupolc magnetic lsngth 
Qu.drupole poletip fidd 
Qadrupde bore r.dius (r.) 
cevity how dius (7,) 

114.54 McV 
(01.46 uev 
63.678 

605.0 MEi 
50. mA 

< 100. w 
15.0 Jis 

-32. d=s 
8.07-9.09 HVlm 

35.6 MVfm 
26. MV/m 

‘I 
< 12. MW 

7.2 tdw 
2.0 MW 
2.8 MW 
I 

16 
118 

I 

copper las 
bum power 

$A 
FODO 

79. de6 
8.0 
4.6 ;: 
2.0 cm 
l.5 cm 

The rf properties of sccelernting cells for the 
SC linsc were cnlculated with the computer code 
SUF’ERF’ISII Cavity dimensions vere determined 
gsnerslly to maximize the shunt impedance for all 
eacrgies. The major cavity radius Rc basically 
determines the shunt impedance, but several other 
dimensions were varied to slightly improve this 
parameter. A constant cavity radius of 13.455 cm was 
fomd to be dequrte betreen 115 snd 400 YeV. To 
reduce peak turface fields while concentrating more 
field into the accelerating grp, s double-radius 
rmse-cone design was dopted.S Bert the nose-cone 
o$l~p;,is~~termined b9 two radii of curvature, 7 mm 

The program SLPE3FISN “as used to 
calculate the affective shunt impedance 212, the 
transit time factor T, and the ratio of the maximum 
marface field and nrersge rccclezrting field Em&So 
mt several values of p corresponding to the ener 
rmge 116 tc 400 YCV. =x The SWERFISB v.lues of ZT 
(see Figure 4) arc typically 15% lower in sctusl 
cavities due to the coupling slot (6% coupling) and 
brue imperfections. 

The division of the ner SC linsc into meven 
independently excited rf modules originally resulted 
fm three principal conaiderstions, namely the 
practical size for 805 YBz klystrons, the shunt 
i=pedants of the structure md the existence of 
nitable penetrations from the linac utility basement 
ipol;;; linsc enc~oeure. Since the original design 

, rdiatmn safety considerations have 
-dated the need for nev raveguide penetrations with 
the existing dornstresu DTL penetrations in the linac 
utility basement to be ultimately scaled. Uniform 
distribution of rf power favors feeding the modules 
from the center, so there ir a bridge coupler at that 
location which can accommodate s magnetic quadrupole 
also. Rf defocusing requires that the quadrupoles of 
the POD0 channel be less than t-o aeters mpart ia the 

first modules. These conditions were satisfied by 
dividing the modules into four wectionm separsted by 
bridge couplers of length 3pl2 (see Figure 5). 

The linx design proceeded interatirely by using 
third order fits to 232, T snd &,/ED to calculete 
the length and number of cells needed to reach the 
design energy of 4W YeV. The design ‘1.8 subject to 
the constraints that the perk electric field not 
exceed 44 W/m (1.6 Kilpatrick), the accelerating 
cells in each section be of constant length wd that 
the total length of the side-coupled 1in.c r,ot exceed 
66 meters. An vcceptsble design *as arrived at by 
having 16 cells per section with peak fields of only 
37 MY/m wd roughly qua1 power dissipz.tion in es& 
section. Table 2 sumarises the par&meters of the 
side-coupled linac by acceler&,ar section. Module 0, 
Sections 1 sr.d 2 sre the two 805 KSs buncher cavities 
in tbs Transition Section between the DTL and new 
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For the bridge COUpIt*, ths post-stabilized 
design originally developed for the LANPF accelerator 
has been adopted.7 The 3pX/2 couplers for the Linac 
Upgrde range in length from about 35 cm to 55 cm md 
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are short:;“.;& l n9z;:;l..t LAN&F (5pW mud 7pAf2). 
Bridge NAFIA~ computer 
c.lcul.tion. indicate th.t the uee of two side- 
paste , DO degreer apart, permits the interfering 
~lll(x.9) md NOll(x,y) modes to be moved out of 
the mccelereting prrsband (730-630 MS. for 5,X 
coupling). The bridge couplers “ill have t”o end- 
post. for tuning the fundamental TM010 reson.nce. 

The DTL operates “ith stronger trbnsver.s 
focusing and “e.ker longitudin.1 focusing tha tbe 
ride-coupled linsc. Six-dimensional phase space 
matching is required to preserve the brightness of 
the DTL beam in the ne” linec. The longitudinal 
metching is effected by placing . sixteen-cavity, 305 
ME. .ide-coupled buncber section (EoT = 2 HV/m) after 
the last drift-tube rank (Tank 5) mnd . four-cavity 
vernier buncher half-ray between the sixteen-cavity 
buncher .nd first section of the ne” 1in.c (see 
Figure 6). The lwt tro DTL qwdrupoles .nd three 
ne” quedrupole. sapu.ting the DTL, buncher. ad ne” 
linrc “ill control the transverse mstching. The 
total length of the Transition Section ia about four 
meters. The 305 YB. bunchers “ill prob.bly be 
powered by 200 kW Vwisn W-7955 klystron.. 

Imdio-Frequency Power System 

The 305 MS. Linw Upgrade requires seven high- 
parer klystron md modul.tor systems Fb;un the seven 
independent rccelerntor modules. * e 3 gives * 
complete po”er tabulation for an RF station usuming 
35 ~4 of rccelerated beam. Thia she”. that only 
*bout IO MW of pe.k power is needed. The klystron 
specific&ions in Table 4 apply to a 12 NW prototype 
klystron on order “itb Litton Electron Devices. The 
RF modulator consists of a pulse forming network 
(PFN) diecharged into the klystron cathode through mn 
oil-filled 2O:l &to-up trmsformer. The PFN is 
charged to 16 kV from . parer supply using the 
+e.on.nt chvging technique (capacitor .nd charging 
choke) “ith mn SC3 (silicon controlled rectifier) 
.“itch to initiate the charging cycle. The parer 
supply stores about 40 IrJ but only about 6 kJ are 
used to charge the PFN every 66 meet (15 Es). 

T.ble 3. XF Po”er Tabulation 

Nominal power, accelerating 35 mA beam 
(SUPERFISE shunt impedance derated by 15!Z). .6.6 MW 

Wmreguide run losses (vRD75), harmonic 
isolator (if required).........................0.6 W 

Add 1M for feedback loop regul.tion...........O.D MW 

The c.rity diueter m.9 hwe to be .Itared 
slightly .t some P’. to woid NllO 
deflecting modes..............................~ 

Estimated Tot.1 

Table 4. Klystron Specifications 
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Project Status 

The three major s9stems for the Linec Upgrade we. 
side-coupled mccelerstor module., rf modulators and 
12 W klystrons. The Project begen construction in 
October 1989 .nd is echedulad for 1in.c conversion to 
4OC YeV energy in the summer of 1992. A prototype rf 
modulstor begun in January lD6Q wae successfully 
operating into . resistive 1o.d by December 1069. 
The modulator can produce up to 40 MW of parer for 
125 psec pulse. l t 15 Ii.. &me design modifications 
“era mmde bssed on the operation of this prototype, 
mnd component procurement for the seven production 
modulator. began in April 1990. Fabrication is 
scheduled to begin in November IDDO and be completed 
by October 1981. 

Fabrication of a prototype accelerator module 
(four section. md three bridge couplers) began in 
October 1939. This prototype is electrically and 
l ecb.nic.lly equiv.lest to the first of .even side- 
coupled 1in.c modules needed for the at” 1in.c. The 
first 16-cavity section “a. brazed at Pyromet Inc. 
(San Carlo., California) in January 1990 mnd the 
second section in April. The third and fourth 
eections “ere brraed simultaneously in August 1990. 
The first section brs.ed “es parer tested and voltage 
conditioned to design gradient in April 1990. 
Buildup of the sections and bridge couplers into a 
complete module began in August 1880. This prototype 
is no” planned to be used .. the first accelerator 
module of the ne” linac. 

In June 1090 Class 1, OFEIC copper segment. for 
production accelerator fabrication began arriving 
from Bitrchi Industries, Japan. Copper for one 16- 
cwity 1in.c .ection arrive. every tro reeks to begin 
. four-month machining, tuning .nd br.aing cycle (see 
Ref. 4). The segmented construction of side-coupled 
rccelerating structure used at LAMFF ha. been mdopted 
for the Fermilab linec (see Figure 7). As of 
September 1990 .even section. of copper had arrived 
and the fabrication cycle “..s on schedule. ko 
sections “ill be bra.ed every four reeks et Pyromet 
Inc. starting in October 1890. Yhen br.sed section. 
return to Fermil.b, the r/2 mode is tuned to within 
20 kS= of 305 YBz (a~ corrected for aS*C and V~CUY~) 
md the side-cells mre tvned to give L 100 kEe 
positive mtopband for thermal stability (see Ref. 3). 

A prototype 12 y1 klystron is on order with 
Litton Electron Devices, Sm Cmrlos, California. The 
L-5359 kly.troa h.s five cmvitier (input, t-o idlers, 
penultimate, output) .nd should oper.te l t 2 pperv. 
The prototype was due in December 1839. In January 
1890 “hilt under test at the plmt, the tube suffered 
. c.t.strophic mrc destroying the barium-strontium 
coated cathode. The c.thode bd not been dequately 
processed and the tube’s 1.5 liter/set ion pump wee 
indequste (subsequently changed to l n 6 liter/set 
pump). A rebuilt klystron “ms delivered to Fermielb 
in Mm9 1990. The tube re.ched 12 Yw poqer “ith . 
gain exceeding 50 dB (see Figure 8). After rbout 18 
hours of rf running the tube suffered . loss of 
.*C”“m. Failure an.1y.i. mt Litton indicated . 
ceramic UC punch-through io the high-vo1t.g. cathode 
insulator. The tube “e.e dissuembled and cleaned 
with rebuilding in progress L. of September 1800. 
The prototype and subsequent production tubes ere on 
the critical path for the project’s completion. 

. 
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Figure I. The Fcrmilsh Linac (plan view) 

Figure 2. The LAYPF side-coupled scceltrator and 
post-stabilized bridge coupler. 

Figure 3. Fermilab 805~Mllz side-coupled cavity 
geometry (dimensions in mm). 
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Figure 4. Effective shunt impedance versus 
relativistic bets for the Fermilab side-coupled linac 
(unadjusted SWERFISB calculation). 
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Figure 5. Transition Section beam envelopes from the 
center of the third from last quadrupole in DTL Tank 
5 to the center of the quadrupole between Sections 1 
nnd 2 of side-coupled Module 1. The bunch length is 
shown with a dotted curve, the horieontal envelope 
with l solid curve and the vertical envelope with a 
dashed curve. 

Figure 7. Segmented construction of side-coupled 
accclerstm structure used for the LA@F snd Fcrmilab 
linacs. 
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Figure 8. Peak power output versus input drive pore= 
for the Litton L-5859 SO5 YBz klystron. 

Figure 5. Fcrmilab side-coupled sccelcrator module 
containing four sections and three bridge couplers. 
Module height is approximately 2 meters, and the 
length varies from 5.5 to 10 meters for Modules I to 
7. 


